ABSTRACT We demonstrate the feasibility of a nanopore based single-molecule DNA sequencing method, which employs multicolor readout. Target DNA is converted according to a binary code, which is recognized by molecular beacons with two types of fluorophores. Solid-state nanopores are then used to sequentially strip off the beacons, leading to a series of detectable photon bursts, at high speed. We show that signals from multiple nanopores can be detected simultaneously, allowing straightforward parallelization to large nanopore arrays.
N anopore-based DNA sequencing is widely considered to be a promising next generation sequencing platform. 1, 2 Two main features of the nanopore method make it exceptionally useful for single moleculebased genome analysis. First, the method's ability to electrophoretically focus and thread extremely long DNA molecules from the bulk into the pore, making it possible to analyze minute DNA samples. 3 Second, sub-5 nm pores are now routinely used to linearize long DNA coils, thus in principle nanopores can be used to effectively "scan" information along a long genome. These features, as well as the fact that solid-state nanopores can be fabricated in a highly dense array, 4, 5 allow the development of massively parallel detection and are crucial for the realization of an amplification-free, low-cost, and high-throughput sequencing method. 2, [6] [7] [8] [9] A nanopore is a nanometer-sized pore in an ultrathin membrane that separates two chambers containing an ionic solution. An external electrical field applied across the membrane creates an ionic current and a local electrical potential gradient near the pore, which draws in and threads biopolymers through the pore in a single file manner. 3, 10 As a biopolymer enters the pore, it displaces a fraction of the electrolytes, giving rise to a change in the pore conductivity, which can be measured directly using an electrometer. A number of nanopore-based DNA sequencing methods have recently been proposed and highlight the following two major challenges: 1, 11 (1) The ability to discriminate among individual nucleotides (nt). The system must be capable of differentiating among the four bases on a single-molecule level. ( 2) The method must enable parallel readout. As a single nanopore can probe only a single molecule at a time, a strategy for manufacturing an array of nanopores and simultaneously monitoring them is needed. To date, parallel readout through any nanopore-based method has not yet been demonstrated. A large number of current, and future, generation sequencing methodologies rely on the use of an enzyme (polymerase, exonuclease, etc) in the readout process. The kinetics of enzymatic activity, however, is a major bottleneck for increasing readout speed, and these methods are at the mercy of enzyme unperturbed activity. In this paper, we present a novel nanopore-based method for highthroughput base recognition that obviates the need for enzymes during the readout stage and provides a straightforward method for multipore optical detection. 12 In our method, biochemical preparation of the target DNA molecules converts each base into a form that can be read directly using an unmodified solid-state nanopore. The massively parallel conversion process is performed off-line, and does not require enzyme immobilization or an amplification step. Because of this biochemical preparation step, the nanopore readout speed and read length are not enzyme limited. Moreover, while previous publications utilized the electrical signal to probe biomolecules in nanopores, we use optical sensing to detect the DNA sequence. A custom total internal reflection (TIR) method, which permits high spatiotemporal resolution and wide-field optical detection of individual DNA molecules translocating through a nanopore, is used for the first time for two-color fast single molecule detection. 13 Here we use this system to achieve simultaneous optical detection from multiple nanopores. Thus we demonstrate the proof of principle for the necessary components of a nanopore based single-molecule sequencing method.
Our approach comprises of two steps ( Figure 1a) . First, each of the four nucleotides (A, C, G, and T) in the target DNA is converted to a predefined sequence of oligonucleotides, which is hybridized with a molecular beacon that carries a specific fluorophore. 12 In the Supporting Information, we describe the steps necessary to carry out the DNA conversion and a successful conversion of all four bases, using a method that we call "Circular DNA Conversion" (CDC). For two-color readout (i.e., two types of fluorophores), the four sequences are combinations of two predefined unique sequences, bit "0" and bit "1", such that an A would be "1 1", a G would be "1 0", a T would be "0 1" and finally a C would be "0 0" (Figure 1a ). Two types of molecular beacons, carrying two types of fluorophores, hybridize specifically to the 0 and 1 sequences. Second, the converted DNA and hybridized molecular beacons are electrophoretically threaded through a solid-state pore, where the beacons are sequentially stripped off. Each time a beacon is stripped off, a new fluorophore is unquenched, giving rise to a burst of photons, recorded at the location of the pore (Figure 1b) . The sequence of twocolor photon bursts, at each pore location, (colored yellow and red in Figure 1b) is the binary code of the target DNA sequence. This approach circumvents the need to detect individual bases and facilitates an enzyme-free readout. Additionally, this method permits wide-field imaging of spatially fixed pores and enables straightforward adaptation to simultaneous detection of multiple pores with an electron multiplying charge coupled device (EM-CCD) camera (schematically illustrated in Figure 1b) .
The readout approach uses a solid-state nanopore to strip hybridized molecular beacons off converted ssDNA. This normally requires the use of pores in the sub-2 nm range, because the cross-sectional diameter of double stranded DNA (dsDNA) is 2.2 nm.
14 However, we find that the probability of DNA entry into such small pores is much smaller than larger pores, 3, 15 necessitating the use of a larger amount of DNA. Moreover, routine manufacturing of small pores poses technical challenges, as there is little tolerance for error, and the difficulty escalates for high-density nanopore arrays. We find that covalently attaching a 3-5 nm sized "bulky" group (e.g., a protein or a nanoparticle) to the molecular beacons effectively increases the molecular crosssection of the complex to 5-7 nm, allowing the use of nanopores in the size range of 3-6 nm. This increases the capture rate of DNA molecules by 10-fold or more and greatly facilitates the fabrication process of the nanopore arrays.
The nanochips used in this study were fabricated inhouse, starting from a double-sided polished silicon wafer coated with 30 nm thick, low-stress Si 3 N 4 (SiN). Windows (30 × 30 µm 2 ) exposing both sides of the SiN membrane were created using wet KOH etching. Nanopores (3-5 nm in diameter) were fabricated using a focused electron beam, as previously described. 16 The drilled nanochips were cleaned and assembled on a custom-designed Teflon cell incorporating a glass coverslip bottom (see ref 13 for details) under controlled humidity and temperature. Nanopores were hydrated with the addition of degassed and filtered 1 M KCl electrolyte to the cis chamber and 1 M KCl with 8.6 M urea to the trans chamber to facilitate total internal reflection (TIR) imaging. Ag/AgCl electrodes were immersed into each chamber of the cell and connected to an Axon 200B headstage, used to apply a fixed voltage (300 mV for all experiments) across the membrane and to measure the ionic current when needed. Nanopore current was filtered using a 50 kHz low pass Butterworth filter and sampled using a DAQ board at 250 kHz/16 bit (PCI-6154, National Instruments, TX). The signals were acquired using a custom LabView program as previously described. 15 To achieve high-speed single molecule detection of individual fluorophores near the suspended SiN membrane, we developed a custom TIR imaging system that greatly reduces the fluorescence background. 13 The index of refraction of the trans chamber solution was adjusted, such that TIR could be created at the SiN membrane, preventing light from progressing into the cis chamber and thus reducing background levels. The cell was imaged using a high NA objective (Olympus 60×/1.45), and TIR was optimized by focusing the incident 640 nm laser beam (iFlex2000, Point-Source UK)
to an off-axis point at its back focal plane, thereby controlling the angle of incidence. Fluorescence emission was split into two separate optical paths using a dichroic mirror (Semrock, FF685Di01) and the two images were projected side by side onto an EM-CCD camera (Andor, iXon DU-860). The EM-CCD worked at maximum gain and 1 ms integration time. Synchronization between the electrical and optical signals was achieved by connecting the camera "fire" pulse to a counter board (PCI-6602, National Instruments), which shared the same sampling clock and start trigger as the main DAQ board. The combined data stream included unique time stamps at the beginning of each CCD frame, which were synched with the ion current sampling. Two separate criteria were used for classifying each event. First, the ion current must abruptly drop below a user defined threshold level and remain at that level for at least 100 µs before returning to the original state. Second, the corresponding CCD frames, during the event dwell-time (time where signal stays below the threshold), must show an increase in the photon count only at the region of the pore.
For proof of concept, we attached an avidin (4.0 × 5.5 × 6.0 nm) 17 to a biotinylated molecular beacon containing a fluorophore-quencher pair (ATTO647N-BHQ2, abbreviated as "A647-BHQ"). Both this beacon and a similarly constructed oligo, containing a quencher at one end but no fluorophore at the other end, were hybridized to a target ssDNA ("1 bit" sample). A similar complex was synthesized containing two beacon molecules ("2 bit" sample), as shown schematically in Figure 2a . Bulk studies (see Supporting Information) demonstrated that when in its hybridized state the A647 fluorophore is quenched ∼95% by the neighboring BHQ quencher. Given this extremely high quenching efficiency, fluorescence bursts can be detected at the singlemolecule level only if strand separation occurs.
Nanopore experiments for both the 1-bit and 2-bit samples were carried out using a 640 nm laser and imaged at 1000 frames per second using our EM-CCD camera. Figure 2a displays typical unzipping events for the two samples with one beacon per complex in the 1-bit sample and two beacons per complex in the 2-bit sample. Electrical signals are shown in black, and optical signals, measured synchronously with the electrical signals at the pore position, 13 in blue or green. An abrupt decrease in electrical current signifies the entry of the molecule into the pore, and the pore is cleared when the electrical signal returns to the open-pore ion current level. 14 We note that the unzipping events observed here are substantially longer than previously reported due to the presence of the bulky group. 13 The optical signals clearly show either one or two photon bursts for the 1-bit and 2-bit samples, respectively. This is expected since the fluorophores are quenched before reaching the pore and are self-quenched again immediately after the beacons are unzipped from the template. 18 A simple summation of the optical intensity during each event, as defined by the electrical signal, yields Poisson distributions for the two samples (solid lines in Figure 2b ) with mean values of 1.30 ( 0.06 for the 1-bit sample, and 2.65 ( 0.08 for the 2-bit sample (n > 600 events in each case, errors represent STD). The fact that within the experimental error the mean intensity of the 2-bit sample is twice the intensity of the 1-bit sample proves that regardless of a model used to define a photon burst, a single unzipping event occurred for the 1-bit sample and two unzipping events occurred for the 2-bit samples. Moreover, with the use of an intensity threshold analysis (average intensity + 2 STD) we determine that nearly 90% of the collected events in the 1-bit sample contained a single fluorescent burst, while in the 2-bit sample, ∼80% of the collected events displayed 2 such bursts (Figure 2c ). This data demonstrates that we can optically discriminate between 1-bit and 2-bit samples in individual unzipping events performed using a 3-5 nm pore.
To distinguish between all four nucleotides, we extend our system from a 1 color to a 2 color coding scheme using two high-quantum yield fluorophores, A647 (ATTO647N) and A680 (ATTO680), excited simultaneously by the same 640 nm laser. The optical emission signal was split into channels 1 and 2 using a dichroic mirror and imaged sideby-side on the same EM-CCD camera. Two-color intensity analysis was performed by reading the intensity at a 3 × 3 pixel area centered at the pore position (see for example Figure 3a) . As the emission spectra of the two fluorophores overlap, a fraction of the A647 emission "leaks" into channel 2, and a fraction of A680 "leaks" into channel 1. Two calibration measurements were performed using 1-bit complexes labeled with either A647 or A680 fluorophores ( Figure  3a) . Clearly seen is a single distinct peak in each channel, corresponding to the location of the nanopore, after accumulation of >500 unzipping events in each case. The ratio of the fluorescent intensities in Channel 2 versus Channel 1 (R) is 0.2 for the A647 sample and 0.4 for the A680 sample.
Representative events (out of >500) for each for the two samples, and the corresponding distributions of R, are depicted in Figure 3b ,c, respectively. We observe a single prominent fluorescent peak during each translocation event (electrical traces shown in black) with intensity >3 fold larger than the standard deviation of the fluorescence baseline fluctuations. Tallying up all single-molecule events led to R ) 0.20 ( 0.06 and 0.40 ( 0.05 (mean ( std) for A647 and A680, respectively, in complete agreement with the ratios for accumulated fluorescence (for all events) shown in Figure  3a . R follows a Gaussian distribution, given by the solid line fits in Figure 3c . These control measurements show that we can use R to determine the identity of individual fluorophores. Discrimination was performed automatically in a custom LabView code using the calibration data (Figure 3c ). The error in the determination of each of the two dyes can be calculated from the overlap area between the distributions, yielding <9% for the A647 and <13% for A680. Data analysis was performed using IGOR Pro (Wavemetrics) and fits were created to optimize 2 . Using the calibration distributions given in Figure 3c , we tested our ability to identify the products from the circular DNA conversion containing the four 2-bit combinations for all four bases, namely 11 (A), 00 (C), 01 (T), and 10 (G), where "0" and "1" correspond to the A647 and A680 beacons, respectively. Analysis of >2000 unzipping events in which two distinct photon bursts were detected, revealed a bimodal distribution of R with two modes at 0.21 ( 0.05 and 0.41 ( 0.06 (Figure 4b ), which is in complete agreement with the calibration measurements (Figure 3c ). We classified all photon bursts with R < 0.30 as 0, and those with R > 0.30 as 1 (0.30 is the local minimum of the distribution in Figure  4b ). The distribution of R was also used to compute the probability of misclassification. This provides us with a further statistical means to calibrate the two channels for optimal discrimination between the two fluorophores. Figure The robustness of our two-color identification method is attributed primarily to the excellent signal/background levels of the photon bursts and the separation between the fluorophore intensity ratios for the two channels. We developed a computer algorithm to perform automatic peak identification that also filters out random noise (e.g., false spikes) in the fluorescence signals and identifies the bit sequence using the calibration distributions (Figure 3c ), followed by base calling. The algorithm outputs two certainty scores, one for bit calling and the other one for base calling. Typical results are shown in Figure 4c . The certainty value for each base extracted automatically from the raw intensity data (range between 0 and 1) is displayed in parentheses.
One of the major advantages of our wide-field opticalbased detection scheme lies in the simplicity with which multiple pores can be probed in parallel, ultimately enabling high-throughput readout. As a proof of concept for parallel readout, we fabricated multiple 3-5 nm-sized pores on the same SiN membranes, separated by several micrometers. In Figure 5a , we display accumulated fluorescence intensity images, obtained using membranes containing three nanopores. Like the single pore experiments, we recorded fluorescent bursts from all pores in the membrane. Accumulating photon counts from several thousand unzipping events resulted in surface maps of photon intensity at each pixel. The center-to-center distance between the three peaks for the three-pore membrane were 1.8 and 7.7 µm, in agreement with the distances between the pores measured during the fabrication process. This data provides direct evidence for the feasibility of a wide-field optical detection scheme.
In Figure 5b , we demonstrate the ability of our system to probe photon bursts simultaneously from multiple nanopores in a single membrane. Four representative traces show the electrical current (black) and the optical signal using 1-bit sample probed from the three nanopores (green, red, and blue markers, respectively). The entrance and unzipping process of each molecule at each pore is a stochastic process. We found that under the conditions used in this experiment, out of >3000 unzipping events, ∼50 involved molecules entering through two pores at the same time. The electrical current trace, which is accumulated from all pores, displays two distinct blockade levels, indicating the total number of occupied pores at a particular moment without information on which pores are occupied. The optical traces reveal occupied pores unambiguously. This will ultimately eliminate the need for electrical current measurements when we extend our method to larger arrays, and rely solely on optical measurements, simplifying instrumentation requirements.
DNA-sequencing methods using nanopores offer several advantages over alternative methods. The speed of readout is completely controllable by adjusting the applied voltage and is only limited by the detection modality resolution. Future developments of brighter fluorophores and highersensitivity CCDs can straightforwardly translate to faster readout speeds. As a single-molecule method, it does not have large sample concentration stipulations and therefore aids in driving down both cost and sample amplification error. Finally, the nanopore readout shown here does not involve the immobilization of enzymes onto predefined or random locations, thus highly simplifying the reading platform. Here we demonstrated the feasibility of two colorconverted DNA readout using a binary code (2 bits per base) to represent each DNA base. At its current stage, our system can read 50-250 bases per second per nanopore, which compares favorably with other single-molecule approaches. 6, 8 We anticipate that a straightforward adaptation for 4-color, and the use of optimized reagents, will allow us to achieve >500 bases per second, per nanopore and sharply decrease the base classification errors. Even at this early stage where of-the-shelf reagents were used and a single laser line was employed, the nucleaobase classification error is about 10% (per single read). Since the DNA conversion process produces a structure-free DNA, it automatically removes systematic errors from the readout stage (i.e., errors do not depend on the DNA template sequence). Therefore the predominant source of readout error can be substantially lowered with multiple reads of the same sequence. Lastly, we demonstrate the feasibility of multipore readout; a first for nanopore-based methods.
Though a number of technical challenges still remain prior to the completion of an all-in-one sequencing device, our results strongly indicate the feasibility of using solid-state nanopores for optical DNA sequencing. Ultimately, the fabrication of arrays of hundreds to thousands of pores needs to be accomplished. Recently, a number of publications have demonstrated the fabrication of similar scale arrays in solid-state materials. 19, 20 We demonstrated that the incorporation of a bulky group allows the use of 3-6 nm pores, which are relatively easy to manufacture. The implementing of a four-color detection system that uses one fluorophore for each base will halve the converted DNA length and double the detection speed, while also increasing the accuracy for base calling. A four-color system would also remove the error created in the two-color system as a result of potential frame shifting. Our results demonstrate the first all solid-state DNA sequence readout, and further technical refinements will allow us to realize a highly parallel nanoporebased DNA sequencing system. Such an ultrafast and affordable system has numerous applications in biomedical research and in the diagnosis and treatment of human diseases.
